We experimentally reveal the emergence of edge states in a photonic lattice with orbital bands. We use a two-dimensional honeycomb lattice of coupled micropillars whose bulk spectrum shows four gapless bands arising from the coupling of p-like photonic orbitals. We observe zero-energy edge states whose topological origin is similar to that of conventional edge states in graphene. Additionally, we report novel dispersive edge states that emerge not only in zigzag and bearded terminations, but also in armchair edges. The observations are reproduced by tight-binding and analytical calculations. Our work shows the potentiality of coupled micropillars in elucidating some of the electronic properties of emergent 2D materials with orbital bands.
Boundary modes are a fundamental property of finitesize crystals. They play an important role in the electronic transport and in the magnetic properties of lowdimensional materials [1] [2] [3] [4] . Their existence has long been related to the microscopic details of the edge of the crystal [5] [6] [7] . Recent advances in the study of topological physics have revealed that, for topologically nontrivial materials, the existence of surface states is directly related to the properties of the bulk [8] [9] [10] . This is the case of conduction electrons in graphene [11] [12] [13] , in which the nearest neighbor coupling of the cylindrically symmetric p z orbitals of the carbon atoms gives rise to two bands (here labeled s-bands) crossing in an ungapped spectrum (Dirac cones). The localized edge modes in this system exist for any type of terminations except for armchair [14, 15] . They are topologically protected by the chiral symmetry of the honeycomb lattice, and their existence can be predicted by calculating the winding number of the bulk wavefunctions [11] [12] [13] .
In 2007, Wu and co-workers proposed an orbital version of graphene by considering a honeycomb lattice with p x,y orbitals in each lattice site [16, 17] . The strong spatial anisotropy of the orbitals results in four ungapped bands with distinct features: two bands showing Dirac crossings and two flat bands, which were first reported experimentally in a polariton-based photonic simulator [18] . The interest in this kind of orbital Hamiltonians has taken a new thrust due to the rapid emergence of 2D materials [19] , such as black phosphorus [20] [21] [22] and 2D transition metal dichalcogenides [23] , whose bands originate from spatially anisotropic atomic orbitals. Edge states in MoS 2 flakes have been observed [24] , and recent works aim at quantifying their impact in the transport properties [25] . Edge states in orbital modes have also been studied theoretically in connection to d-wave superconductivity [11, 26] and spin-orbit coupling in superlattices of nanocrystals [27] , systems very hard to realize experimentally with tuneable parameters. A photonic simulator of orbital bands, would open the door to the study of the microscopic properties of orbital edge states [28] and the connection to the topological properties of orbital bulk bands. In a more general framework, it would provide a platform to simulate some aspects of orbital bands which are essential in various topological insulators with band inversion [29] .
In this Letter we report the experimental observation of edge states in the p x,y orbital bands of a honeycomb lattice made out of coupled micropillars etched in a planar microcavity. The advantage of this system over other photonic simulators, such as coupled waveguides [30, 31] or microwave resonators [32] , is that the radiative emission of light from the micropillars provides direct optical access to both the spatial distribution of the wavefunctions and to the energy-momentum dispersions [33] . We find two kinds of edge states: (i) zero-energy states in the zigzag and bearded edges, with a topological origin similar to that of edge states in conventional graphene; (ii) a novel kind of dispersive edge states that emerge not only in zigzag and bearded terminations, but also in armchair edges. The origin of the zero-energy edge states can be understood from the winding number of the bulk Hamiltonian. We support experimental data with numerical tight-binding calculations and provide analytical expressions for the energy of the dispersive edge states.
To experimentally study orbital edge states in p x,y bands we employ the polaritonic honeycomb lattice reported in [18, 34] and shown in Fig. 4(c) field confined in the heterostructure. After the molecular beam epitaxy growth, the cavity is processed by electron beam lithography and dry etching into a honeycomb lattice of overlapping micropillars (diameter 3 µm, centerto-center distance a = 2.4 µm). As shown in Fig. 4(c) , both zigzag and armchair terminations were fabricated. In each micropillar [ Fig. 4(a) ] photons are confined in the three dimensions of space, resulting in discrete energy levels [ Fig. 4(b) ]. The lowest energy level is cylindrically symmetric, similar to the p z orbitals in graphene. The hopping of photons in these modes gives rise to the π and π * bands of graphene, whose edge states have been experimentally reported in the same structure [34] . The first excited state is made of two antisymmetric modes, p x,y , oriented in orthogonal directions in the horizontal plane, as sketched in Fig. 4(d) .
The characterization of the bulk band structure is performed by exciting the center of the lattice with a nonresonant laser (740 nm), focused on a 4 µm diameter excitation spot. We use a microscope objective both to excite and to collect the emission. Figure 4 (e) displays the photoluminescence spectrum as a function of momentum parallel to the vertical edge, k y , for k x = 4π/(3a). The dispersion shows four bulk bands corresponding to the coupling of the p x,y orbitals (the s-bands, lying at lower energy, are not shown) [18] . The lowest band is almost flat, while the two middle ones are strongly dispersive with two band crossings similar to those at the K and K' Dirac points in graphene s-bands. As shown in Ref. [18] and as discussed below, the highest energy band corresponds to a deformed flat band. The inhomogeneity in the emitted intensity is the consequence of: (i) the energy relaxation efficiency and lifetime of photons in different modes; (ii) an interference effect in the far-field emission along certain high-symmetry directions [18, 35] , in excellent agreement with simulations [36] .
To access the edge states we place the spot on the outermost pillar of the zigzag edge. The measured dispersion is shown in Fig. 4(f) . In addition to the bulk modes, new bands are evidenced, marked with yellow and black dashed lines in the figure. Those marked in yellow are flat and show up at the center of both the first and adjacent Brillouin zones, at the energy of the Dirac crossings. Those in black dashed lines lie between the bulk dispersive and flat bands and have a marked dispersive character. These states are delocalized in momentum space, in the direction perpendicular to the edge, appearing at the very same energy for any value of k x (not shown here) and, as we will see below, they are localized in real space at the edges. This is different from the bulk bands in Fig. 4 (e), which change energy when probing different values of k x and are delocalized in real space. Note that the confinement of the outermost micropillars is different for linear polarisations perpendicular and parallel to the edge [34] . This effect may account for the observed splitting in the lowest flat band and in the edge states at around k y = ±1.5(2π/(3 √ 3a), black dashed lines in Fig. 4(f) .
The p x,y orbital bands can be described by a tightbinding Hamiltonian [17, 18] . If we assume that only the hopping via orbitals projected along the links connecting the micropillars is significant |t L | |t T |, see Fig. 4 (d), the Hamiltonian in the a x , a y , b x , b y basis, corresponding to the p x,y orbitals of the A and B sublattices, can be written in momentum space in the following 4 × 4 form:
where
and g = √ 3
4 (e ik·u1 − e ik·u2 ), u 1,2 are primitive vectors and t L < 0, to account for the antisymmetric phase dis- 
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Calculated eigenmodes in the first Brillouin zone for a nanoribbon as a function of the wave vector k parallel to the edges, with (a) zigzag (k = ky), (b) bearded (k = ky) and (c) armchair (k = kx) terminations. The blue curves represent the bulk spectra for different values of the transverse momentum k ⊥ . Red and green curves show the edge states. For bearded edges, the inset shows the configuration of the isolated py orbitals resulting in a pair of edge states spreading over all k .
tribution of the p-orbitals. To later describe finite size samples, we make a choice of unit cell dimer and primitive vectors such that it allows the full reconstruction of the lattice including its specific edges. We take the primitive vectors as follows: u 1 = a 1 , u 2 = a 1 − a 2 for zigzag edges, and u 1 = a 1 , u 2 = a 2 for bearded and armchair, given in terms of the reference vectors a 1,2 defined in Fig. 4(d) ; the corresponding unit cell dimers are detailed in Ref. [36] .
The diagonalization of Hamiltonian (9) gives rise to two flat bands with energies ± 3 2 t L , and two dispersive bands with energies ± 2 3 t L | det Q|, that is [16] :
To account for the edge bands experimentally reported in Fig. 1 (f) we compute the eigenmodes of Hamiltonian (1) in a finite size sample. We consider a nanoribbon with zigzag terminations on both edges and periodic boundary conditions along the direction parallel to the edge. The bulk modes, blue lines in Fig. 1(g ), match the analytic result [Eq. (10)] and are delocalized all over the ribbon, while the red lines in Fig. 1 (g) show edge states whose wavefunction exponentially decays from the surface towards the bulk. The spread in momentum and the position in energy match quantitatively the experimental observations, particularly for the modes at and below the Dirac cones. In the experiment, the high energy part of the spectrum, including the bulk flat band, is deformed due to the coupling to higher modes, and to the nonzero value of t T , whose strength increases with energy [18] . Tight-binding calculations for nanoribbons with zigzag, bearded and armchair edges are shown in Fig. 6 . Two kinds of edge modes are visible: (i) bands of zeroenergy modes in the central gap, present in zigzag and bearded edges, and (ii) dispersive modes in the upper and lower gaps in all three types of edges, and in the middle gap of the armchair termination.
We first analyze the zero-energy edge modes. They remind strongly the edge modes in the π and π * bands of regular graphene, whose existence can be related to the winding number of the wavefunctions in momentum space [11] [12] [13] . The Hamiltonian describing graphene (sbands) is a chiral 2 × 2 Hamiltonian:
with t s > 0 being the hopping amplitude for the sorbitals and the factor f s = 1 + e ik·u1 + e ik·u2 . The unit cell vectors u 1,2 contain the information about the considered edge, as discussed above. The number of zero-energy edge states is determined by the winding of the phase of the off-diagonal component (f s = |f s | e iφ(k) ) [11] [12] [13] :
where the one-dimensional integral over k ⊥ is performed along a loop around the Brillouin zone in a direction perpendicular to the considered edge. This analysis can be extended to more general situations: the existence of zero-energy modes can be related to the winding properties of the Hamiltonian in the following way. By fixing a value of k , the dependence of Hamiltonian (1) on k ⊥ can be regarded as a onedimensional model in the BDI (chiral orthogonal) class of the classification of topological insulators introduced by Schnyder et al. [10] . For this class, the number of pairs of zero energy edge modes is given by the winding of the phase φ obtained from f p ≡ det Q = |det Q| e iφ(k) [37] . Figure 6 shows the value of W k for the p-bands as a function of momenta parallel to the edge k for the three type of edges considered here [36] . The winding number W k matches perfectly with the number of the zero-energy modes calculated by diagonalization of the Hamiltonian.
An interesting feature of Fig. 6 is that the regions in momentum space where the zero-energy modes are present in the zigzag edge (k ∈ [−2π/(3 √ 3a), 2π/(3 √ 3a)]) are complementary to the regions in which they are present in s-band graphene for the same kind of
. A similar situation takes place for the bearded edges: in the p-bands, pairs of edge modes appear in the region in k-space complementary to the regions where they appear in the sbands. Additionally, for bearded terminations, the pbands show an extra pair of zero-energy edge modes spread all over k . It arises from dangling p y orbitals fully localized in the outermost pillars, uncoupled to the bulk, as sketched in the inset of Fig. 6(b) . This pair of states adds to those discussed above, resulting in the four-fold degeneracy in the lateral k regions. The armchair edge, as in the s-band case, does not have any zero-energy edge mode.
The complementarity in the position in momentum space of zero-energy edge modes between s-and p-bands can be understood by analyzing the symmetry of Hamiltonians (9) and (13), for the p-and the s-bands, respectively. The expressions f p and f s , whose winding determines the existence of zero-energy edge modes, can be related analytically:
where f s /f p (zigzag/bearded ) are written using the choice of unit cell that corresponds to the zigzag/bearded edge [13] . A consequence of Eq. (15) is that the winding of the phase of f p (zigzag) is the same as of f s (bearded ) (the vector a 1 − a 2 is parallel to the edge, so the prefactor of the right hand part of Eq. (15) gives no winding in the orthogonal direction). A similar situation takes place for Eq. (16): in addition to the exchange of the position between zigzag and bearded edge states, of respectively, s-and p-bands, the phase factor e ika2 provides an extra winding over the whole Brillouin zone, and gives rise to an extra pair of edge state for all values of k x , in the bearded edges of the p-bands.
One of the most distinctive features of Figs. 4 and 6 is the observation of additional dispersive edge modes between the dispersive and the flat bands of the bulk. These modes are present for all values of k and for all the investigated types of edges. We can obtain analytical expression of the dispersive edge modes by looking for solutions of the Hamiltonian which are exponentially decaying into the bulk (ψ(x) ∼ e −x/ξ , ξ being the penetration length), using the treatment described in Refs. [2, 32] . Applying this method to zigzag and bearded edges, we find the following eigenenergies for the edge modes [36] :
As evidenced in Fig. 6(c) , dispersive edge states exist also for armchair terminations, which do not contain any edge modes in the case of regular electronic graphene. The analytic calculation for the armchair edges requires more elaborate treatments involving the use of more than one penetration length, and goes beyond the scope of this manuscript.
We can take advantage of our photonic simulator to explore the spatial distribution of these novel edge modes. Figure 8 shows the real space emission from the photonic simulator excited close to the armchair edge with a large pump spot, 20 µm in diameter, allowing a clear visualization of the edge wavefunctions. Three emission energies, indicated by circles in Fig. 6(c) , are shown, corresponding to three different dispersive edge states.
For the lowest-energy dispersive edge state [ Fig. 8(a) ], the emission is localized in the second to the last row of micropillars, with a gradual decrease towards the bulk. These features along with the lobe structure are well reproduced by the plot of the tight-binding solution for the edge state at the corresponding energy [k x = π/(3a); Fig. 8(d) ]. Figure 8(b) shows the emission pattern for the lowest-energy edge mode in the central gap. In this case, the outermost pillars show the highest intensity, in a pattern significantly different from the modes shown in Figs. 8(a),(d) . It is worth noting that in the experiment, the energy of the emission is filtered with the use of a spectrometer, but no particular in-plane momentum is selected. Therefore, bulk modes contribute to the emission at the energies studied in Figs. 8(a)-(c) , explaining the differences with respect to the calculations in Figs. 8(d)-(f) , which show individual eigenfunctions.
Interestingly, the tight-binding calculations in Fig. 6 (c) reveal an additional edge mode within the bulk energy band (green dot). When selecting the emission at the highest energy of this mode, a structure localized in the edge is observed. Even though this edge states are located within the bulk energy band, the experiment and tight-binding calculations shown in Fig. 8(c) ,(f) attest the significant localization of these modes in the edge region.
In summary, our results provide a detailed characterization of the zero-energy and dispersive orbital edge states in excited bands of a photonic honeycomb lattice. The zero-energy modes are well described using topological arguments based on the symmetries of the bulk Hamiltonian. If any topological argument can be applied to the dispersive edge modes is an intriguing question. Our experiments and theoretical analysis provide insights into multi-mode lattice systems such as transition metal dichalcogenides or mechanical lattices of springs and masses, which have been predicted to show similar dispersive edge modes [37, 38] . This work was supported by the French National Research Agency (ANR) program Labex NanoSaclay via the projects Qeage (ANR-11-IDEX-0003-02) and IC-QOQS (ANR-10-LABX-0035), by the French RENAT-ECH network, the ERC grant Honeypol and the EU-FET Proactiv grant AQUS (Project No. 640800).
SUPPLEMENTARY MATERIAL P-BANDS HAMILTONIAN FOR A NANORIBBON
In the tight-binding calculations, we consider a porbital honeycomb lattice in a nanoribbon geometry: an infinite lattice in one direction and finite in the perpendicular one, ending with the same type of boundary on both sides. Ribbons with zigzag and bearded edges, infinite in the y-direction and finite in the x-direction, are shown in Fig. 4(a, b) . The ribbon with armchair terminations is infinite in the x-direction and finite in the y-direction, Fig. 4(c) . In order to include the information about the edges into the tight-binding Hamiltonian, we take a unit cell dimer such that the whole nanoribbon, with the specific type of the edge, can be reconstructed by the translation of that dimer [13] . The unit cell dimers for the three different nanoribbons in Fig. 4 (a-c) are shown in orange rectangles. The corresponding unit cell vectors can be chosen in the following way (green arrows in Fig. 4(a-c) ):
where a 1 = a( 2 ) and a 2 = a(
2 ). In the nearest neighbour approximation, the Hamiltonian is given by the factors f 1 , f 2 and g [Eq.
(1) in the main text] which have the following form [16] :
where u 1 and u 2 are given in Eq. (9) for the three types of edges considered in the main text. The numerical factors in equations (10) arise from the |t L | |t T | condition, which accounts for the different overlap between the p-orbitals projected along the directions parallel and perpendicular to the link between the lattice sites.
DRIVEN DISSIPATIVE TIGHT-BINDING SIMULATION
To understand the inhomogeneities that appear in the measured far field intensity in Fig.1(e-f) 
where, H is the tight-binding Hamiltonian, γ represents the losses induced by the finite polariton lifetime, and F p is a resonant pump at frequency ω and spatially centered on a single micropillar with a Gaussian envelope [? ] .
We assume losses at a rate γ = 0.2t L for all lattice sites.
To simulate the bulk luminescence we place the coherent pump F p , with frequency ω, at the central site of the ribbon, far from the edges. We search for the steady-state solutions of Eq. (11). The time-independent amplitudes A m,n and B m,n of the A and B sublattice sites (see Fig. 7 ) then satisfy a linear system of equations:
where f
is the spatial amplitude profile of the pump on the A/B site of unit cell m, n. To reconstruct the dispersion, the distribution obtained from the above equations is Fourier transformed and the procedure is repeated for different frequencies ω of the pump. Figure 5(a) shows the Fourier transformed intensity as a function of k y for the value of k x = 4π/3a for different resonant pump frequencies. This result can be compared to the experimental data in the Fig. 1(e) of the main text, here replotted in Fig. 5(c) . As we can see, the main features of the experiment are well reproduced by the simulation, including the destructive interference in the upper dispersive band around k y = 0. This point crosses a high symmetry direction along which odd real-space eigenfunctions interfere destructively in the far field.
We perform a similar calculation with the excitation spot placed at the edge with the zigzag boundary instead of the central site of the lattice. The computed intensity pattern is plotted in Fig. 5(b) , which reproduces well the experimental data in Fig. 5(d) [Fig. 1(f) in the main text] excluding the polarisation effects, which are not taken into account in this simulation. (1)], the number of pairs of zero-energy edge modes for a given value of k parallel to the edge is given by the winding of the phase of det Q along the direction perpendicular to the edge, the winding number, as discussed in detail in Refs. [11] [12] [13] :
where φ = arg (det Q), k ⊥ is the momentum directed perpendicularly to the considered edge, and BZ indicates a one-dimensional integral over the Brillouin zone. In Fig. 6 , we plot the phase φ, represented by the orientation of the arrows at each point in k space, calculated for zigzag and bearded terminations for the s-[arg (det f s )] and p-states [arg (det f p )], where f s and f p are defined in the main text.
NUMERICAL CALCULATION OF EDGE STATES WAVEFUNCTION
Here we briefly discuss how Fig. 3 (d-f) of the main text are numerically calculated. In order to obtain the wavefunction localized at the armchair edge, we consider a nanoribbon with an infinite length in x-direction and a finite size in y-direction. We then diagonalize the nanoribbon Hamiltonian and find eigenstates corresponding to the edge states indicated in Fig. 2(c) of the main text. The obtained eigenstates are plane waves in the parallel direction, with wavevector k x = −π/3a, +π/3a, and 0 [ Fig. 3 (d) , (e), and (f), respectively] and exponentially decaying in the perpendicular direction. For each eigenstate, the wavefunction at each site has two components corresponding to two orbital degrees of freedom. For concreteness, let the spinor (ψ x , ψ y ) denote the wavefunction of a site at the origin in basis of p x and p y orbitals. In order to plot the wavefunction corresponding to this spinor, we assume that the x-oriented basis state is proportional to
2 , where the factor of x in front ensures that the state has the correct odd parity of the p x orbital state around x = 0 (center of the pillar). The subsequent Gaussian has one free parameter σ, which determines the width of the state; we use σ = 0.35a for all the calculations, which is chosen so that the simulation resembles the experimentally observed real space emission. Similarly, the y-oriented basis state is chosen to be φ y (x, y) ≡ y ·e
2 . The real space wavefunction corresponding to the spinor (ψ x , ψ y ) is ψ x φ x (x, y) + ψ y φ y (x, y). We construct the wavefunction of each lattice site with this method and superpose the wavefunctions from all lattice sites in the region of interest to finally obtain the wavefunction corresponding to the eigenstates, which are plotted in Fig. 3 (d-f) .
ANALYTICAL EXPRESSIONS FOR THE ENERGY OF THE DISPERSIVE EDGE STATES
To obtain the analytical expressions for the energy of the dispersive, non-zero energy edge states in zigzag and bearded edges we look for the exponentially decaying solutions of the tight-binding Hamiltonian of a nanoribbon. To illustrate the procedure we apply it first to the simpler case of s-bands graphene [32] . The first step is to reduce the two-dimensional problem of a nanoribbon to an equivalent one-dimensional problem, that is, to reduce our s-band honeycomb problem to the SSH problem. The Hamiltonian of the nanoribbon in Fig. 7 is given by:
To solve the Schrödinger equation H |Ψ = E |Ψ we expand the state |Ψ in terms of the creation operators as:
where |0 is the state without any particle in the system. The coefficients A m,n and B m,n represent the wavefunctions in A and B sublattices at the position (m, n). Using this expression for |Ψ , the Schrödinger equation implies the following relations for the coefficients A m,n and B m,n :
For a nanoribbon with bearded or zigzag edge the system is periodic (or infinitely long) along the y-direction. That means that we can expand the wavefunctions in terms of the plane wave in y-direction, i.e., we replace the wavefunctions in (16) by:
In this way we obtain the equations: 2 ak y ) these equations can be written as : 
This set of equations has the same form as the Schrödinger equation describing a one dimensional chain with staggered hopping amplitudes (the so-called SSH model). The hopping amplitude within the unit cell dimer, t s , is the same as the one in the honeycomb lattice in Fig. 8 . The effective hopping amplitude between adjacent unit cell dimers in the chain is αt s . The Hamiltonian of the system is given by the matrix on the left-hand side of the Eq. (19) . The difference between bearded and zigzag case is that, to calculate the bearded edge, one starts from the A sublattice and ends at the B sublattice. For the zigzag, one starts from the B sublattice and ends at the A sublattice. Now, we search for eigenvalues of this Hamiltonian corresponding to eigenfunctions which are exponentially decaying into the bulk:
M . Here A 0 is the amplitude of the wavefunction on the first site of the chain, M counts the number of unit cells from the edge and ξ is the penetration length. In order to have a decaying wavefunction, we need to have |Ω| < 1. Analogue expressions can be written for the B sites. 
This system of equations has four unknowns: A 0 , B 0 , Ω and E. However, we can normalize the wavefunction to the amplitude A 0 of the outermost site. Therefore we have only three unknowns left. They can be found by taking the first three equations from the set of equations (20) :
All the other equations contained in Eq. (20) are equivalent to the set (21) . Using the condition |Ω| < 1 we obtain the regions in momentum space where the zero energy edge states exist, Ref. [32] . For the bearded edge we have B 0 = 0 and:
corresponding to the region marked in green in the upperright panel of Fig. 6 . To obtain expressions for the energies of the dispersive edge states in the p-bands we follow the same procedure. In this case, due to the existence of two modes per site, the reduction to the 1D problem involves two coupled chains corresponding to the p x and p y orbitals on each lattice site. Figure 9 shows the hopping amplitudes corresponding to a ribbon with zigzag edges.
We search again for exponentially decreasing solutions of the form |A M x | = |A 0x ||Ω| M with |Ω| < 1 (equivalently for |A M y |, |B M x |, |B M y |). Now we have six unknown variables A 0x , A 0y , B 0x , B 0y , Ω, E or five after we normalize them to B 0y . By taking the first five linear equations of the the Schrödinger problem, we get the set of coupled equations:
s-band bearded s-band zigzag p-band zigzag B 0y = t L (γA 0x + αA 0y ) B 0x = t L (3αA 0x + γA 0y ) A 0x = t L (3αB 0x + γ * B 0y )
A 0y = t L (αB 0y + γ * B 0x + ΩB 0y ) B 0y Ω = t L (A 0y + αA 0y Ω + γA 0x Ω)
The energy of the dispersive edge state in the zigzag edge is obtained by solving Eqs. (23) and is given by:
The penetration length ξ can be easily obtained: .
The amplitudes of the dispersive edge states eigenfunc-
